Long-term monthly precipitation data from 1960 to 2008 at 17 rain stations are analyzed to explore spatio-temporal variation of the seasonal and annual precipitation in the Poyang Lake basin, China, using anomaly analysis, simple linear regressive technique, Mann-Kendall trend test and Continuous Wavelet Transform. The results indicate that: (1) increasing precipitation trend is observed in summer and winter, while decreasing precipitation trend is identified in spring and autumn, and the above mentioned precipitation trends are not statistically significant; (2) changing trend of the areal average annual precipitation is non-significantly increasing, and increasing trend happens in almost the whole basin except in western and south-eastern small parts; (3) 
Introduction
Precipitation estimation is an important and challenging task in hydrology because of high variability and changing climate [1] . In all factors of climatic and hydrological domain, the change of precipitation with increasing and decreasing trends has attracted more attention because the changing climate has caused catastrophic flood and drought events which have already caused disasters around the world to both nature and human beings [2] - [4] . Under the background of global warming, the change trend of the average annual precipitation in China is not much obvious, but the fluctuation in regional precipitation is pretty large [5] . Therefore, it can accurately reveal the influence of climate change on regional water resources through study of the regional precipitation, especially focusing on variation patterns and spatio-temporal distribution of precipitation at basin scale [6] [7] .
Poyang Lake (28˚22' -29˚45'N, 115˚47' -116˚45'E) is the largest freshwater lake in China, located at the middle reaches and southern bank of Yangtze River. The total drainage area of the water systems of the Poyang Lake basin is 1.62 × 105 km 2 , accounting for 9% of the drainage area of the Yangtze River basin and nearly 96.85% of the land area of Jiangxi Province [8] . The amount of areal average annual precipitation is above 1600 mm and is the richest area of precipitation in the Yangtze River basin. Monthly total precipitation of the Poyang Lake basin increases rapidly from January to June and then decreases sharply [9] . In the past half-century, due to intensive human activity and climate change, ecological environment and hydro-climate processes in the Poyang Lake basin have significantly changed, such as reservoir construction in five major rivers upstream [10] - [14] , levee construction surrounding lake area and land use and land cover change [15] [16] . Furthermore, with the increase of extreme weather events in recent years, it caused flood and drought disasters which occurred alternatively and frequently [11] [16] [17] . Hence, it is significantly important to identify and understand the variability characteristics and spatio-temporal distribution of precipitation in the Poyang Lake basin to protect regional resources and environment and keep the harmonious development of the economy and society.
In fact, there have been many studies focusing on the variation characteristic analysis of precipitation in the Poyang Lake basin. Guo et al. [18] analyzed trends and jumps of climate change in this basin based on observation data on temperature, precipitation and evaporation from 14 rain gauge stations from 1961 to 2003. Peng et al. [19] used time series anomaly analysis with rescaled range analysis which was based on fractal theory to discover the variation process of precipitation in this basin during the period of 1959-2005. Wang et al. [6] explored the change tendency of the total annual precipitation, rainfall days and rainstorm days by using liner regression and Mann-Kendall method. Huo et al. [20] analyzed long-term trends and persistence of precipitation based on the daily precipitation data of 10 meteorological stations in the Poyang Lake basin since 1950s. Zhang et al. [21] indicated precipitation and hydrological variations and related associations with large-scale circulation in this basin. Li et al. [22] identified the temporal variability of the past 60-year precipitation based on 3 rain gauge stations in this basin by using wavelet analysis. Zhang et al. [13] revealed changing properties, causes and topography-based spatial patterns of precipitation extremes in the Poyang Lake basin.
However, some problems still remain unanswered, e.g. what are the changing trends and spatial patterns of the seasonal and annual precipitation? what is possible the primary period and time-frequency variability distribution of the annual precipitation during the nearly 50 years? Because of the close correlation between precipitation and stream flow in the Poyang Lake basin, further research on seasonal and annual precipitation variability will be helpful for better understanding of the availability, scientific management and assessment of the water resources of the Poyang Lake basin.
The objectives of this paper are: (1) to detect the possible trends and the statistical significance of seasonal and annual precipitation data series in the Poyang Lake basin; (2) to explore the time-frequency distribution and the primary period of annual precipitation and identify the time turning point of a long-term annual precipitation series; and (3) to analyze the spatio-temporal distribution of seasonal and annual precipitation changes in the Poyang Lake basin during 1960-2008.
Data and Methods

Data
Long-term monthly precipitation data covering 1960 to 2008 at 17 rain gauge stations in the Poyang Lake basin are analyzed. Data were provided by the China Meteorological Data Sharing Service System (http://data.cma.cn/). The locations of the study area and the precipitation stations are shown in Figure 1 .
Poyang Lake basin belongs to the subtropical monsoon climate zone, and precipitation exhibits distinct seasonality. For reflecting the variation trend of each seasonal precipitation separately, a year is divided into four seasons by the traditional climate division method, i.e. spring (March-May), summer (June-August), autumn (September-November), and winter (December-February). The areal average precipitation is calculated by the method of arithmetic average and 12 monthly precipitation data are summed to obtain the amount of precipitation for the year.
Data consistency check. There are a few missing data (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) for only the Ninggang station among 17 stations in monthly precipitation dataset. The missing precipitation data was filled in by the arithmetic average method, i.e. using the average value of its neighboring rain gauge stations. We consider that the gap filling method will have no influence on the long-term temporal trend. Finally, the total precipitation data for 49 years in the Poyang Lake basin has been checked by the cumulative deviation method, and all data go through a 95% confidence level test (details see [23] ). Hence, it can be considered that time series of precipitation data are consistent before the Mann-Kendall trend test and the wavelet analysis.
Method
Four methods, namely, anomaly analysis, simple linear regression, Mann-Kendall (MK) trend test and Continuous Wavelet Transform (CWT), are used in the study to detect trends and variations of the seasonal and annual precipitation series in the Poyang Lake basin. Anomaly analysis method is applied to precipitation data pre-processing, and its results are used as input data in MK and CWT analysis. The simple linear regression is used to fit the seasonal and annual precipitation time series, a ten times slope of the fitting line denote the climate trend rate, which roughly indicate the variation value of precipitation over 10 years. This method is a parametric t-test method, which consists of two steps, fitting a linear simple regression equation with the time t as an independent variable (in this case monthly precipitation), Y, as a dependent variable, and testing the statistical significance of the slope of the regression equation. The parametric t-test requires that the data to be tested be normally distributed. The normality of the precipitation series is first tested in the study by applying the Kolmogorov-Smirnov test. The method first compares the specified theoretical cumulative distribution function (in our case normal distribution) with the sample cumulative density function based on observations, then calculates the maximum deviation, D. If, for the chosen significance level, the observed value of D is greater than or equal to the critical tabulated value of the Kolmogorov-Smirnov statistic, the hypothesis of normal distribution is rejected [4] [7] [24] . The MK test and simple linear regression is applied to detect the changing trend of precipitation 
Under the null hypothesis of no trend, the statistic k d is distributed as a normal distribution with the ex- 
Under the above assumption, the definition of the statistic index k Z is calculated as:
k Z follows the standard normal distribution (here, we call it 1 Z , and later we will get another 2 Z ). In a two-sided test for trend, the null hypothesis is rejected at the significance level of α if
is the critical value of the standard normal distribution with a probability exceeding 2 α . A positive Z value denotes an increasing trend and a negative Z value denotes a decreasing trend. In this paper, the significant level of 5% α = is used. After this, k Z will be computed again based on the adverse course, which means that the original time series will be
and k Z will be computed again following the procedure showed in Equations (1)-(4), then 2 Z is obtained. The two lines, 1 Z and 2 Z ( 1, 2, , k n =  ) will make an intersection point during a certain time interval. If the intersection point is significant at 95% level, we say that the turning point may have occurred in the analyzed time series at that time [7] [27] [28] .
The results of the MK test are heavily affected by serial correlation of the time series [7] [24]. To eliminate the effect of serial correlation (if it is significant) on MK results, prewhitening has been applied to the MK test in the trend-detection studies of hydrological time series [29] .
Wavelet analysis. Wavelet analysis has recently been paid more attention to as a useful method and is widely applied in multi-scale analysis of the climate and hydrological research [30] - [33] . It can analyze multiple timescale characteristics of the signal sequence by scaling and translation of mathematic functions, and reflect local variations characteristics in a time series, and has the ability to diagnose the turning point. Compared to the Fourier transform, the wavelet transform analysis is considered to be more effective in studying non-stationary time series, such as climate and hydrological data time series.
Wavelet function is defined as [30] : assuming ( )
its Fourier transform ( ) ψ ω satisfies the admissibility condition:
Then, ( ) t ϕ is called as a basic wavelet or mother wavelet. Wavelet function ( ) t ϕ should be scaled and translated to obtain a continuous wavelet [31] :
where, a is scale factor, τ is time factor,
W a τ is wavelet coefficient. In this paper, the Morlet wavelet was used to identify the primary period of average annual precipitation in the Poyang Lake basin. Its basic form is given as follow: 
where 0 ω is the non-dimensional frequency, and it was taken to be 6 to satisfy the admissibility condition in this study [30] [34]. Wavelet variance. Taking an integral of the square of wavelet coefficients in the time domain could get the wavelet variance:
The process of wavelet variance with scale τ can get a map of wavelet variance. It reflects the distribution of fluctuation energy with time scales, thus it could determine the main time scale in a time series [35] . Detailed information of CWT is presented by [30] .
Results and Discussion
The results of the Kolmogorov-Smirnov test and the serial correlation analysis (not shown) reveal that the seasonal and annual precipitation series at the 17 stations in the Poyang Lake basin are mostly normally distributed. The precipitation series of a non-normal distribution are transformed to satisfy the normal distribution, such as log mathematic transformation. This means that the use of the MK trend test and wavelet analysis is warranted.
MK Trend Test of Precipitation Changes
The values calculated by the MK test algorithm are shown respectively by the solid point line and hollow point line in Figure 2 . If the solid point line or hollow point line passes over the dashed line, it means there is a statistically significant trend of increasing or decreasing. Spring precipitation changes. Figure 2(a) demonstrates the results of the MK trend analysis of spring precipitation with the Poyang Lake basin. The value of MK test of the spring data series is −0.81, which is not significantly decreasing. An increasing trend of the spring precipitation occurred during 1975-2004. After 2004, the spring precipitation shows a slightly decreasing trend, but far from being significant. The result of simple linear regression indicates a slightly downward trend (p > 0.05, not significant at >95% confidence level) for the spring precipitation series. Climate change trend rate of spring is −11.03 mm/10a.
Summer precipitation changes. The MK trend of summer precipitation is shown in Figure 2(b) . The value of MK test of the summer precipitation series is 1.51, which is not significantly increasing. It is seen that 1969-1985 and 1994-2008 are featured by increasing trend of summer precipitation; 1963-1968 and 1986-1993 are dominated by decreasing trend of summer precipitation. The result of simple linear regression show an upward trend, but it is not significant (p > 0.05 not significant at >95% confidence level). The slope of fitting regression line is 2.512, which means climate trend rate of summer is 25.12mm/10a.
Autumn precipitation changes. Figure 2(c) show the MK trend of autumn precipitation. The value of the MK test of the autumn precipitation series is −0.97. Since 1963, the autumn precipitation shows a decreasing trend, but the value of MK test is less than −1.96 only at 1968. In general, the decreasing trend of autumn is not significant. The t-test result of the simple linear regression is 0.66 (p > 0.05 not significant at >95% confidence level), which indicates a slightly decreasing trend and also confirm the result of MK test. Climate trend rate of autumn is −4.16 mm/10a. Winter precipitation changes. The MK trend of winter precipitation is plotted in Figure 2(d) . The value of MK test of the winter precipitation series is 1.42, which is not significantly increasing. It is seen that the years 1964-2008 are dominated by the increasing trend of winter precipitation. The value of the MK test is greater than 1.96 only at 1975. As mentioned above, these changing trends are not significant. The result of simple linear regression indicates an upward trend (p > 0.05, not significant at >95% confidence level) for the spring precipitation series. Climate change trend rate of winter is 11.85 mm/10a.
Annual precipitation changes. As mentioned above, the results that an increasing precipitation trend is observed in summer, winter and per year, while decreasing precipitation trend identified in spring and autumn is consistent with precipitation change trend of the Yangtze river basin. Moreover, previous studies demonstrate that the Poyang Lake basin is the area where both precipitations in summer and extreme precipitation events most significantly increased in the Yangtze River basin in the past half century.
Continue Wavelet Analysis of Precipitation Changes
The continuous Morlet wavelet analysis is applied to a multiple timescale analysis of average annual precipitation of the Poyang Lake basin. The preprocessing of data is carried out by anomaly for filtering a one-year natural cycle of precipitation series before the wavelet transform. In addition, to eliminate the edge effect of wavelet analysis, precipitation series are extended toward both sides by the method of symmetric (whole-point) signal extend mode in Matlab software; after wavelet transformation, the extend part of wavelet coefficient are deleted to regain original wavelet coefficient.
The multiple time scale of annual precipitation. Multiple time scale characteristics of precipitation means that the change period of precipitation is different at the different time scales, which generally represent the small timescale cycle period and are often nested into the large timescale cycle period of precipitation. There are multiple levels of timescale structure and local variation features in time domain within precipitation changes over time. Figure 3 shows the fluctuation characteristics of the real part time-frequency of the wavelet transform coefficients, which reflect an alternative variation of precipitation in the Poyang Lake basin. Positive wavelet coefficient corresponds to a more-than-normal period of precipitation; negative wavelet coefficient corresponds to a less-than-normal period of precipitation; wavelet coefficient is equal to zero which corresponds to the possible turning point of precipitation. Larger absolute value of a real part of the wavelet coefficient responds a more significant variation of timescale.
The The primary period of annual precipitation. The wavelet variance is applied to confirm the primary periods of annual precipitation series. The wavelet coefficients calculated are substituted into Equation (9) to calculate the wavelet variance of the annual precipitation anomaly series. The plot of wavelet transformation variance is drawn by 2 -2 5 years timescale in Figure 5 . The wavelet transformation variance reflects the energy of fluctuations with the distribution of timescale, those with stronger energy (peaks in Figure 5 ) are called the primary periods. Three peaks of the wavelet variance are marked in Figure5 whose values are located at the scale of 5-year, 11-year and 22-year. The apex value of wavelet variance of scale is 11-year which means the strong oscillation appears in an 11-year period. In addition, the second and third periods are 22-year and 5-year, respectively.
The turning point of annual precipitation change. From Figure 3 and Figure 4 , it is seen that annual precipitation enters into a new oscillation cycle under either 22-year timescale or 11-year timescale in the beginning of 1990s, and annual precipitation exhibits an increasing trend. Meanwhile, wavelet coefficient value is equal to zero which denotes that turning point appears in that time. It can also be seen from Figure 2(e) , while the MK value is positive and continues increasing from 1991 to 2002. To clearly illustrate the turning point of annual precipitation, cumulative annual precipitation anomaly is plotted in Figure 6 , where cumulative anomaly started to increase from the beginning of 1991 to the end of 2002, and turned from a negative to positive value. Therefore, it can be deduced that the turning point of annual precipitation happened in about 1991. Figure 7 demonstrates the spatial distribution of the seasonal and annual precipitation in the Poyang Lake basin. In spring, the Poyang Lake basin is dominated by decreasing precipitation. Although a significant decreasing precipitation occurred in the western part of the Poyang Lake basin, the remainder of the Poyang Lake basin is dominated by a decreasing precipitation trend. Only four stations show an increasing trend. These were located in the south-western and northern parts (Figure 7(a) ), but they are not significant.
Spatial Distribution of Seasonal and Annual Precipitation Changes
The precipitation in summer shows an increasing trend (Figure 7(b) ). In general, the middle and northern parts of the Poyang Lake basin show a significantly increasing trend and the remainder of the Poyang Lake basin is dominated by increasing precipitation trend. Only the south-eastern corner of the basin shows a decreasing trend. The precipitation changes in winter have similar patterns with those in summer. In winter, the Poyang Lake basin is totally dominated by an increasing precipitation trend (Figure 7(d) ), the north, north-western and southwestern parts are dominated by a significant increasing trend, and the remainder is dominated by an increasing precipitation trend.
For the annual precipitation changes (Figure 7(e) ), the spatial distribution pattern of annual precipitation changes reflects a combined effect of the seasonal precipitation. The Poyang Lake basin is dominated by nonsignificantly increasing precipitation in most area of the basin, and the northern part show a significant increasing trend. Only the western and south-eastern two stations show a decreasing precipitation trend.
To demonstrate the precipitation changes between 1991-2008 and 1960-1990 , precipitation anomalies of (Figure 8(b) ) shows that the Poyang Lake basin is totally dominated by a positive precipitation change in the season, which shows more precipitation occurred during 1991-2008 compared to that during . For the precipitation anomaly in autumn (Figure 8(c) ), the Poyang Lake basin is dominated by negative precipitation changes in the almost the whole basin, showing a precipitation decreasing trend in the season during 1991-2008. In winter (Figure 8(d) ), the Poyang Lake basin is dominated by a positive precipitation anomaly, especially in the north-western and south-western parts. The spatial distribution of precipitation anomalies between 1991-2008 and 1960-1990 shows that there is an obvious increasing in the northern and southwestern part of Poyang Lake basin. The amount of precipitation during 1991-2008 is more than that during , although the general precipitation trend of the autumn and spring is decreasing which mainly happened at the south-eastern part of the basin. This phenomenon is similar to that obtained from simple linear trend analysis ( Figure 2 ) and (Figure 7) . The Poyang Lake basin is dominated by a positive precipitation anomaly ( Figure 8(e) ). The larger positive precipitation anomaly occurred mainly in the middle, northern and southwestern part of the Poyang Lake basin.
Conclusions
Spatio-temporal variability and trends of the seasonal and annual precipitation of the Poyang Lake basin were studied with the method of the Mann-Kendall trend test, Continuous Wavelet Transform, simple linear regression and anomaly analysis. Some interesting conclusions are:
(1) Seasonal precipitation changes show that increasing trend mainly occurs in summer and winter; the precipitation in spring and autumn is dominated by decreasing trends in the Poyang Lake basin. The change trends of the seasonal precipitation are not significant in statistics. Furthermore, the increasing precipitation in summer and winter is found in the almost basin, and both summer and winter are similar patterns of the spatial distribution; the decreasing precipitation in spring is found in most of the area of the Poyang Lake basin except the south-western part and northern corner; in autumn, the decreasing precipitation is mainly found in the middle and northern Poyang Lake basin. The spatial distribution of the seasonal precipitation anomalies between 1991-2008 and 1960-2008 is similar to that of the seasonal precipitation trend. Positive precipitation anomaly happened in summer and winter in which larger positive precipitation mainly happened in the south-western and northern parts. A negative precipitation anomaly happened in spring and autumn in which a lesser negative precipitation anomaly mainly happened in the south-eastern parts.
(2) The spatio-temporal distribution of precipitation is very uneven because of the influence of climate abnormality and contour microclimate [18] . The changing trend of the average annual precipitation of the Poyang Lake basin is increasing, but it is not significant; the increasing trend happens in almost the whole basin except small parts of the western and south-eastern areas. The spatial distribution of the annual precipitation anomalies between 1991-2008 and 1960-2008 shows an increasing trend in the middle, northern and south-western parts and a decreasing trend in the south-eastern corner, which is similar to that of the average annual precipitation trend. The time-frequency analysis by Continuous Wavelet Transform indicates that there are three main time-frequencies in annual precipitation series during 1960-2008, and they are respectively for 18 -26 years, 8 -14 years and 2 -8 years. Furthermore, three primary periods control the cycle alternation of the annual precipitation, and they are 11-year (first main period), 22-year (second main period) and 5-year (third main period), respectively. In addition, the turning point of annual precipitation series during 1960-2008 is at about 1991. With global warming, the hydrological cycle of the Poyang Lake basin will continue to accelerate, and spatio-temporal distribution of precipitation in the basin will become more uneven. The increase of precipitation in summer will cause a greater risk of floods disaster in the Poyang Lake basin in the future.
In this study, we have realized that it will produce more valuable results if we can collect longer precipitation data time series. In the future work, we will continue to collect longer precipitation series at this region to analyze precipitation period variation at longer time scale.
